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Seagrasses need to withstand hydrodynamic forces; therefore, mechanical properties such as 
flexibility or breaking resistance are beneficial for survival. The co-variation of leaf breaking 
properties with biochemical traits in seagrasses has been documented, but it is unknown if the same 
patterns apply to leaf flexural properties. To interpret changes in the ecological function of seagrass 
ecosystems based on acclimation responses to environmental changes, it is necessary to understand 
the factors that affect flexural leaf properties. Here, morphological and flexural leaf properties of the 
perennial type of Zostera marina across different environmental conditions along European Atlantic 
climate regions are presented together with C:N ratio and neutral detergent fibre content as descriptors 
of biochemical leaf composition. Eelgrass leaves from cold regions were ~ threefold more elastic and 
~ tenfold more flexible, were also narrower (1.7-fold), and contained ~ 1.9-fold higher fibre content 
than from plants growing in warmer regions. Eelgrass also showed acclimation to local conditions 
such as seasonality, water depth, and hydrodynamic exposure. Leaves collected from exposed or 
shallower locations or during winter were more flexible, suggesting an avoidance strategy to 
hydrodynamic forcing, which is generally higher under those conditions. Flexural rigidity was almost 
equally controlled by bending modulus (35%) and leaf thickness (37%), indicating functional 
differences compared to leaf breaking described in the literature. Overall, the findings indicate that 
Zostera marina has a high flexural plasticity and high acclimation capacity to some climate change 
effects such as sea level rise and increase in storm frequency and intensity. 
  








Seagrass are flowering plants that evolved from terrestrial plants and adapted to underwater life (Den 
Hartog 1970). One of the adaptations they have to face are the strong forces imposed by waves and 
currents, which pose limitations to the seagrass growth through controlling the forces that leaves can 
withstand and thus influencing their distribution. Drag forces, the main form of these physical 
stresses, tend to pull the aquatic plants into the direction of the current (Vogel 1984) and can be 
reduced by minimising the area exposed, either by having a small size or by having larger forms with 
reconfiguration capability, such as flexible thin strap-like leaves. This so-called “avoidance strategy” 
(Vogel 1984; Puijalon et al. 2008; Bouma et al. 2005) was probably the most widespread foliar 
adaptation among the seagrass species (de los Santos et al. 2016a). Although many recent studies 
have advanced in the understanding of the seagrass leaf biomechanics (de los Santos et al. 2016a; La 
Nafie et al. 2013; Soissons et al. 2017), they focused on the variation of leaf breaking forces (i.e., 
their resistance to be broken), whereas little is known about the flexural properties of seagrass leaves, 
i.e., their capability to bend and thus reconfigure to avoid high drag forces. 
 
Leaf flexibility determines how prone a leaf is to bending and can be estimated using the flexural 
rigidity (G, Niklas 1992) that is defined as the resistance of a structure against bending deformation. 
It depends on the elasticity (the bending modulus) of the material of which the leaf is made of (e.g., 
more or less fibrous) as well as its geometry (i.e., width and thickness). That is, the more elastic or 
the thinner and narrower the leaf is, the more flexible it is. Understanding the contribution of these 
morphological and mechanical traits to the leaf flexural resistance is essential to understand likely 
trade-offs between having thick and more resistant leaves, favourable to resist breaking forces, or 
having thinner and more flexible leaves, favourable to reconfigure with the flow (Bouma et al. 2005; 
Puijalon et al. 2008). At the same time, various seagrass species have been shown to acclimate to 
environmental conditions, such as light, nutrients, pH and hydrodynamics, by changing their 
morphological and/or their biomechanical traits, either under experimental conditions (La Nafie et al. 
2013; La Nafie et al. 2012; de los Santos et al. 2017), on a seasonal basis (de los Santos et al. 2013), 
among climate regions (de los Santos et al. 2016a) or across a latitudinal gradient (Soissons et al. 
2017). In addition, mechanical traits related to the leaf breaking resistance are correlated with leaf 
biochemical traits such as elemental (C, N) and fibre contents, either among a wide variety of seagrass 
forms (de los Santos et al. 2016a; de los Santos et al. 2012) or within the same species over the leaf 
ontogeny stages (de los Santos et al. 2016b). These biochemical traits of the leaves, along with the 
mechanical traits, are important in ecosystem processes such as leaf litter decomposition, plant–







herbivore interactions, and nutrient cycling (Read and Stokes 2006). Although advances have been 
made in understanding the co-variation of leaf breaking properties and biochemical traits in 
seagrasses (e.g., de los Santos et al. 2012), it is unknown if the same patterns apply to leaf bending 
properties. Given that mechanical properties underlie important ecological processes, understanding 
which leaf properties and abiotic factors contribute the most to flexural rigidity can help to interpret 
changes in the ecological function of seagrass ecosystems based on acclimation responses to local 
and global environmental changes. 
 
Here, we aimed to investigate the morphological, flexural, and biochemical properties of Zostera 
marina, one of the most wide-ranging seagrass species, being circumglobal in the Northern 
hemisphere and occurring in temperate, cold, and polar climate regions. We expect this species to 
exhibit a significant variability in their leaf properties to acclimate to the environmental conditions to 
which perennial populations are exposed to. In particular, we focused on four questions: (1) How 
does flexural rigidity and other leaf traits vary across a range of temperate and cold climates? (2) How 
does flexural and associated morphological properties vary with abiotic drivers? (3) Which 
parameters dominate flexural rigidity? (4) How are leaf flexural properties correlated with leaf 
biochemical properties? To answer these questions, we measured an array of morphological, 
mechanical, and biochemical leaf traits in Zostera marina leaves of plants collected in locations 
subjected to different environmental conditions along four European Atlantic climate regions. 
 
2. Materials and methods 
2.1. Sampling locations and biological material 
Subtidal meadows of the perennial type of Zostera marina were sampled in 6 locations across the 
four Köppen–Geiger climate classes (Beck et al. 2018) that exist along Europe’s coasts from latitude 
37o to 58o (Fig. 1, Table 1). Locations covered all the temperate and cold climate classes in the 
studied latitudinal range: 1 location in Csa (temperate, dry summer, hot summer), 1 in Csb (temperate, 
dry summer, and warm summer), 2 in Cfb (temperate, no dry season, and warm summer), and 2 in 
Dfb (cold, no dry season, and warm summer). We focused on climate classes rather than on a mere 
latitudinal gradient, because the first approach includes information on climate parameters such as 
precipitation that would not have been available for the specific locations otherwise. Moreover, since 
climate classes are used in modelling of climate change scenarios (Beck et al. 2018), we thus expect 
our results to be more informative for future work in this format.  








For each location, water depth (m) was measured in situ during sampling and maximum tidal range 
(m) was obtained from local tidal charts available at www.tide-forecast.com. Wind direction for 
spring/summer (April–September, representing the main growing season) conditions were estimated 
from wind statistics at the nearest weather station (www. windfinder.com) based on measured hourly 
wind direction (from 7 am to 7 pm) for 3–17 years prior to 2017 depending on data availability. Wind 
directions were then used to estimate fetch length available for generating wind-driven waves to the 
nearest 0.5 km from geographical maps. Salinity (psu) was measured in situ using conductivity 
gauges in the month of sampling. Mean daily air temperature (°C) and sunshine hours per day (hours) 
data were obtained from the nearest World Meteorological Organization (WMO) station as mean 
values for July over the period 1990–2017, which the exception of the Vigo/Peinador station for 
Toralla location, where data were only available from 1996 onwards. Data on sunshine duration were 
not available for the Swedish station, so here, values were estimated from 10-year records (2007–
2017) of hourly PAR measurements at the Kristineberg research station of the Sven Lovén Centre 
(University of Gothenburg). Sunshine was defined as PAR values > 769 μmol s-1 m-2 corresponding 
to Luxmeter values > 100 klx (Domke 2014) which is defined as bright summer sunlight (DIN 5034-
2:1985-02). While PAR and Luxmeter measurements operate in slightly different wave lengths with 
PAR measurements assessing radiation from 400–700 nm and Luxmeter capturing light in the range 
550–600 nm; however, for the assessment of sunlight, a robust conversion is available (Domke 2014). 
 
All meadows were sampled in summer (July 2017) and one of them (Culatra Island, Portugal, Csa) 
also in winter (December 2016) to assess the seasonality of leaf properties. At location, Neustadt 
(Germany, Cfb), shallow (1.5 m), and deep (5 m) meadows were sampled to assess the variation with 
water depth, and the locations Gåsö and Blobasholmen represented sheltered (summer fetch = 0 m) 
and exposed (summer fetch = 130 km) locations in Sweden (Dfb), respectively. In all cases, entire 
shoots of Zostera marina were collected (n = 26–34 in each location), either by SCUBA diving or by 
snorkelling, in the middle of the meadow to avoid likely edge effects. Seagrass shoots were 
transported to the laboratory in seawater and tested within 48 h from collection, a proven valid time 
to assess mechanical properties in seagrasses (de los Santos et al. 2016b). 








Fig. 1. Map indicating the locations and climate classes, where Zostera marina populations were 
sampled: CI: Culatra Island (Portugal, Csa); TI: Toralla Island (Spain, Csb); BU: Brodtener Ufer 
(Germany, Cfb); Ne: Neustadt (Germany, Cfb); Gå: Gåsö (Sweden, Dfb); Bl: Blobasholmen 
(Sweden, Dfb). Köppen–Geiger climate classes are (Beck et al. 2018): BSk (arid, steppe, cold), Csa 
(temperate, dry summer, hot summer), Csb (temperate, dry summer, warm summer), Cfb (temperate, 
no dry season, warm summer), Dfb (cold, no dry season, warm summer), Dfc (cold, no dry season, 
cold summer), ET (Polar, Tundra). Map base by freevector.com, distribution of climate classes 
simplified after Beck et al. (2018). 
 







Table 1. Description of the sampling locations. Köppen-Geiger climate classes are (Beck et al. 2018): Csa (temperate, dry summer, hot summer), Csb 
(temperate, dry summer, warm summer), Cfb (temperate, no dry season, warm summer), Dfb (cold, no dry season, warm summer). 
 














Culatra Island (CI), Portugal Csa 37.00 -7.83 3.0 3.11 3 36.5 24.4 11.7 
Toralla Island (TI), Spain Csb 42.20 -8.80 4.1 3.87 0 35.5 19.8 9.4 
Brodtener Ufer (BU), Germany Cfb 53.98 10.88 5.0 0.03 94 15.0 18.0 7.7 
Neustadt (Ne), Germany Cfb 54.08 10.79 1.5 and 5.0 0.02 2 12.8 18.0 7.7 
Gåsö (Gå), Sweden Dfb 58.24 11.40 1.9 0.34 0 26.1 17.2 6.1 
Blobasholmen (Bl), Sweden Dfb 58.25 11.45 1.3 0.34 130 25.2 17.2 6.1 
Mean depth is given with respect to local mean sea level. Sunshine hours are defined as time with direct solar irradiance>120 W/m2 (WMO 2014). *Values are representative for 
July. 
  







2.2. Determination of flexural and morphological leaf traits 
Flexural rigidity (EI) describes the resistance of a structure against bending deformation: the higher 
the flexural rigidity, the stiffer the structure is, so the harder it will be to bend (less flexible). EI is 
computed as the product of the Young’s modulus of elasticity in bending E (named bending modulus 
hereafter) and the second moment of area (I). The bending modulus E is a material property, that is, 
it is invariant with the size of the structure, and the higher the modulus, the less elastic the material 
is. The second moment of area I is a geometrical property which reflects how the area of a structure 
is distributed with regard to an arbitrary axis, and it defines the “efficiency” of a cross-sectional shape 
to resist bending caused by loading: the higher I, the higher the efficiency to resist bending forces. 
The second moment of area is the product of two important dimensional traits in a leaf, the width, 
and thickness. For a rectangular cross-sectional leaf area, the second moment of area varies linearly 
with leaf width, but by a power of three with leaf thickness. It is important to distinguish between the 
bending modulus, which defines how elastic a material is and which is independent of the size 
(depends on the materials the leaf is made of), and the flexural rigidity, which defines how flexible a 
structure is and which is dependent of the modulus of elasticity and the dimensions of the structure 
(thickness and width).  
 
Flexural tests were conducted on the third leaf of each seagrass shoot (to avoid leaf age variability, 
de los Santos et al. 2016b), after cutting the leaf blade at the ligule to exclude the leaf sheath. Excess 
surface water was removed with a paper towel before testing. Bending modulus E (N mm−2) was 
determined following the method by Henry (2014), which is an adaptation of the Pierce’s cantilever 
test to measure the flexural rigidity of thin flexible macrophyte blades. The method is ultimately 
based on the principles of the bending theory and consists of allowing the leaves to bend to a 45° 
angle (θ) on a purpose-built metal structure (see Henry 2014 for details). The blade length required 
to reach that angle lc (cm), the total leaf length ls (cm), the leaf width b (mm), and the thickness t 
(mm) were measured using a ruler (lc and ls, ± 1 mm), digital calliper (b, ± 0.01 mm), and micrometre 
screw (t, ± 0.01 mm). After the test, the blotted-dry wet weight ww (g) of the tested leaf was measured 
on a precision balance (± 0.001 g) and the leaf was saved in wet conditions for further analysis 
(Section "Determination of leaf elemental and fibre contents"). For all tests, leaves were placed on 
the bending device with the adaxial side facing upwards. Preliminary tests with seagrass leaves from 
the Swedish locations (n = 62) revealed that lc was not affected by leaf orientation (paired t test, t61 = 
0.53, P = 0.6, data not shown). The bending modulus (Eq. [1]) was estimated from the obtained 
parameters following equations by Henry (2014), with W being the weight per unit area in units of N 







m−2 [W = ww g/(ls b), where g (m s−2) is the acceleration due to gravity]. Finally, flexural rigidity G 
(N mm2, Eq. [2]) was estimated from E (N mm−2) and the second moment of area I (mm4, Eq. [3]). 
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2.3. Determination of leaf elemental and fibre contents 
After measuring the leaf biomechanical properties, epiphyte-cleaned leaves from each location were 
dried (60 °C, 48 h) and pulverized in a ball grinder. Subsamples of dried biomass (n = 3 for each 
location) were then used for determination of total C and N contents (% dry weight) using an 
elemental analyser (Elementar, Vario EL III). C:N ratio was calculated based on dry biomass. A 
second subsample was used to determine the neutral detergent fibre (NDF) content following the 
method of van Soest et al. 1991) (with minor modifications, de los Santos et al. 2012). This procedure 
gives the neutral detergent fibre content as the difference in dry biomass after digestion. Replicate 
samples (n = 4, 20–30 mg each) of dry biomass were heated to boiling (100 °C) in 2 mL of neutral 
detergent (Ankom FND20C) for 1 h, followed by repetitive washings of the pellet after centrifuging 
(2500×g, 5 min) with distilled water (×2), ethanol (×1) and acetone (×2). The final pellet, free of non-
cell wall components and chlorophyll, was dried overnight in an oven at 60 °C and weighed again. 
The amount of fibre for each sample was obtained by the difference in mass and expressed as fibre 
percentage of dry biomass (% or g of fibre per 100 g of dry biomass). In seagrasses, fibre content 
roughly represents the amount of cellulose, hemicellulose, and, when present, lignin (Kuo and Den 
Hartog 2006). 
 
2.4. Data analysis and statistics 
Data are presented as mean ± standard error of the mean (SE) if not otherwise stated. The extent of 
variation of each leaf trait among locations was calculated as the coefficient of variation (%), whereas 
its within-location variation was computed as the mean of the CV of each leaf trait in that location. 







Normality and homoscedasticity of the leaf properties data were confirmed using Shapiro–Wilk and 
Levene tests, respectively. Differences among locations and climates were analysed using one-way 
ANOVA (F) with locations or climate classes as fixed factor, respectively, followed by Tukey’s 
multiple comparison test when differences among factor levels were observed. In addition, stepwise 
linear regression models were applied to the summer data across latitudes but did not yield conclusive 
results (data not shown). Differences in leaf traits between (a) deep and shallow stations at location 
Neustadt (Cfb), (b) winter and summer seasons at location Culatra (Csa), and (c) exposed and 
sheltered locations in Sweden (Gåsö being sheltered and Blobasholmen being exposed, Dfb) were 
analysed by unpaired t test (t). When parametric assumptions were not satisfied even after log10-
transformation, comparison between pairs of locations or among all the locations were performed by 
non-parametric Wilcoxon (W) or Kruskal–Wallis rank sum test (H) followed by post hoc Dunn’s test 
when differences were observed, respectively. 
 
To evaluate the contribution of different leaf traits (leaf width b, leaf thickness t, and bending modulus 
E) on the flexural rigidity (G), variance partitioning was performed as described by de los Santos et 
al. (2016a). In brief, the flexural rigidity (G) is denoted as the sum of the covariances between each 
component (E, t, and 3*b), and when the covariance of each component is taken as a proportion of 
the variance of the flexural rigidity, the relative contribution of each component can be obtained. A 
principal component analysis (PCA), based on correlation matrix, was conducted with the mean 
values of Z. marina leaf traits in summer (morphological, flexural, and biochemical) and the abiotic 
variables in Table 1 to investigate the association between climate classes and variables, and among 
variables. The variables in the PCA were standardised and scaled to unit variance before the analysis. 
A critical α level of 0.05 was used for all hypotheses tested. Statistical analyses were done using R 
programming software (v 3.5.1. R Core Team 2018).  
 
3. Results 
3.1. Variation among locations and with climate classes 
Leaf length (third leaf) of summer Zostera marina varied threefold among locations, ranging from 
ca. 18 cm at the two locations with a mean depth ≤ 1.5 m to > 50 cm in Brodtener Ufer with a mean 
water depth of 5 m (Tables 2 and 3). Leaf thickness and width varied 2.5- and 1.7-fold among 
locations, respectively, and differed statistically among them (Tables 2 and 3). The bending modulus 
of the leaves also exhibited a high among-location variability, with values in the range of ca. 30–37 







N mm−2 for the majority of the locations except for the two southern most locations, which showed 
the highest values (ca. 75.5 ± 4.7 and 93.2 ± 5.7 N mm−2, respectively; Table 2). Similarly, flexural 
rigidity of Z. marina leaves in summer varied tenfold among locations, from 0.35 ± 0.052 N mm2 in 
Neustadt (shallow, Cfb) to 3.77 ± 0.21 N mm in Culatra (Csa; Tables 2 and 3). In general, both 
morphological and flexural leaf traits showed a high intra-location variation (Table 2). Biochemical 
leaf traits differed significantly among locations and showed little within-location variability (Tables 
2 and 3). 
 
Leaves of Z. marina from locations with a temperate climate with dry season (classes Csa and Csb) 
presented wider and less elastic leaves, but not necessarily stiffer leaves, than those from temperate 
and cold climates with no dry season (Cfb and Dfb) (Fig. 2, Table 3). Leaf thickness and length varied 
significantly among climate classes but did not show any clear pattern with the climate gradient. 
Except for nitrogen content, biochemical leaf traits differed among climate classes (Fig. 2, Table 3), 
with a notorious gradient for leaf fibre content, which significantly increased from 28.2 ± 0.6% dw 
in temperate dry hot summer (Csa) locations to 52.8 ± 1.5% dw in cold no dry warm summer (Dfb). 
 
3.2. Variation with local conditions 
Eelgrass leaves at the southernmost station (Culatra Island, Portugal, Csa) were slightly less elastic, 
less flexible, and shorter in summer than in winter, with leaf thickness not being affected by 
seasonality (Fig. 3a, Table 3). Leaf properties of Z. marina varied also with water depth at the 
Neustadt location (Cfb), with plants from the deep location having longer, thicker, wider, and more 
rigid leaves, but the same elasticity than those from the shallow location (Fig. 3b, Table 3). Regarding 
the comparison between sheltered and exposed locations in Sweden (Dfb), leaves tended to be shorter, 
thinner, narrower, and more flexible in the plants from the exposed location, although the bending 
modulus did not vary between the two meadows (Fig. 3c, Table 3). 
 
3.3. Variance partitioning 
Variance partitioning analysis showed that bending modulus and leaf thickness contributed almost 
equally to the variation in the flexural rigidity of the leaves in Zostera marina within each location. 
The theoretical contributions of the bending modulus ranged from 74% at the northernmost location 
(Blobasholmen, Dfb) to 7% in the westernmost location (Toralla, Csb), and had a mean of 46% (Fig. 
4). Leaf thickness as the second important trait explaining the intra-location variation in flexural 







rigidity had a contribution ranging from 74 to 16% and a mean of 40%. When all the data were pooled 
to assess the relative contribution of each leaf trait to the among-location variation in flexural rigidity, 
the contribution of bending modulus and thickness was, again, fairly similar (35% and 37%, 






Fig. 2. Biochemical, morphological and flexural properties of Zostera marina leaves in summer from 
four climate classes (Köppen-Geiger classes): Csa (temperate, dry summer, hot summer), Csb 
(temperate, dry summer, warm summer), Cfb (temperate, no dry season, warm summer), Dfb (cold, 
no dry season, warm summer). Boxplot bar is median; box is interquartile (IQR) range; whiskers are 
maximum and minimum values within the 1.5×IQR of the hinge, and dots are outliers. Statistical 
significance (p value: *<0.05, **<0.01, ***<0.01, ns not significant) is given in each panel for the 1-









































































































Csa > Csb > Cfb > Dfb
From temperate (C) to cold climates (D)
From dry summer (s) to no dry season (f)
From hot (a) to warm summers (b)
ns
ns











(w; n = 30) 
Culatra 
(s; n = 26) 
Toralla 
(n = 34) 
Brodtener 
Ufer  
(n = 31) 
Neustadt 
(deep;  
n = 30) 
Neustadt 
(shallow;  
n = 31) 
Gåsö 
(n = 32) 
Blobasholme 





Length, l (cm) 45.5 ± 1.3 24.4 ± 1.1 32.0 ± 1.1 56.2 ± 2.3 46.8 ± 2.1 18.3 ± 0.8 29.8 ± 1.0 18.2 ± 0.7 44.7 22.5 
Thickness, t (mm) 0.45 ± 0.01 0.44 ± 0.01 0.31 ± 0.01 0.49 ± 0.01 0.51 ± 0.01 0.34 ± 0.01 0.52 ± 0.01 0.45 ± 0.01 19.1 11.6 
Width, b (mm) 6.30 ± 0.10 7.09 ± 0.13 6.61 ± 0.12 4.40 ± 0.11 4.57 ± 0.11 2.81 ± 0.09 5.15 ± 0.15 4.34 ± 0.09 19.2 13.1 
C content (% dw) 34.3 ± 0.3 35.0 ± 0.4 36.3 ± 0.4 38.0 ± 0.1 40.0 ± 0.3 40.6 ± 0.1 36.2 ± 0.2 36.1 ± 0.5 5.8 1.4 
N content (% dw) 1.85 ± 0.12 1.30 ± 0.08 1.10 ± 0.06 1.19 ± 0.01 1.03 ± 0.01 1.00 ± 0.09 1.28 ± 0.00 1.02 ± 0.04 11.2 6.5 
C:N ratio 18.7 ± 1.0 27.0 ± 1.9 33.1 ± 1.6 32.0 ± 0.3 38.7 ± 0.3 41.4 ± 3.6 28.3 ± 0.2 35.6 ± 1.4 15.5 6.7 
Fibre content (% dw) 37.3 ± 1.1 28.2 ± 0.6 36.6 ± 2.3 44.6 ± 2.3 39.6 ± 0.6 39.4 ± 0.5 48.8 ± 0.5 56.7 ± 0.5 21.8 5.2 
Bending modulus, E  
(N mm-2) 53.9 ± 4.7 75.5 ± 4.7 93.2 ± 5.7 30.9 ± 2.3 36.2 ± 2.6 36.9 ± 2.9 32.1 ± 2.9 30.6 ± 2.8 53.3 41.7 
Flexural rigidity, G  
(N mm2) 2.55 ± 0.25 3.77 ± 0.21 1.51 ± 0.13 1.43 ± 0.16 1.86 ± 0.17 0.35 ± 0.05 2.00 ± 0.19 1.01 ± 0.11 62.4 54.3 
Data shown as mean ± SE and referred to the third inner leaf of shoots sampled in summer (all locations), and summer (s) and winter (w) in Culatra Island. Sample size is n=3 for 
C and N contents and C:N ratio; n = 4 for fibre content; n for morphological and mechanical leaf traits is given behind the location names. CV: coefficient of variation (among 
locations, and averaged CV within-location, only for summer. 







Table 3. Results of the statistics tests performed to investigate differences in leaf traits of Zostera marina among locations and climate classes, based 
on 1-way ANOVA test (F-statistic) or Kruskal–Wallis test (H-statistic), and between pairs of locations to assess the differences between seasons 
(winter vs summer), depth level (shallow vs deep) and exposure to waves (sheltered vs exposed), based on t test (t) or Wilcoxon rank sum test (W). 
 
Leaf variable Factor: locations Factor: climate classes Factor: season Factor: depth Factor: exposure 
Length F6,207 = 102.3, P < 0.001 H3 = 37.2, P < 0.001 t55 = -12.1, P < 0.001 W60 = 918, P < 0.001 t61 = -8.9, P < 0.001 
Thickness F6,207 = 94.1, P < 0.001 H3 = 72.8, P < 0.001 t55 = -0.5, P = 0.634 W60 = 917, P < 0.001 t61 = -5.3, P < 0.001 
Width F6,207 = 157.1, P < 0.001 H3 = 133.3, P < 0.001 t55 = 4.8, P < 0.001 W60 = 911, P < 0.001 t61 = -4.8, P < 0.005 
C content F6,14 = 44.9, P < 0.001 F3,17 = 25.2, P < 0.001 - - - 
N content F6,14 = 5.7, P < 0.01 F3,17 = 2.5, P = 0.09 - - - 
C:N ratio F6,14 = 8.9, P < 0.001 F3,17 = 4.4, P < 0.05 - - - 
Fibre content F6,14 = 48.2, P < 0.001 F3,24 = 42.9, P < 0.001 - - - 
Bending modulus F6,207 = 34.7, P < 0.001 H3 = 114.9, P < 0.001 t55 = 3.3, P < 0.01 t60 = -0.18, P = 0.85 t61 = -0.37, P = 0.71 
Flexural rigidity F6,207 = 50.2, P < 0.001 H3 = 60.9, P < 0.001 t55 = 3.7, P < 0.001 t60 = 10.9, P < 0.001 t61 = -4.5, P < 0.001 
Degree of freedom are shown in subscripts and P is the associated p value. 










Fig. 3. Morphological (length, thickness and width) and flexural (bending modulus and flexural 
rigidity) properties of Zostera marina leaves under different environmental conditions: a seasons 
(winter vs summer) at Culatra Island (Portugal, Csa), b water depth (shallow vs deep meadows) at 
Neustadt (Germany, Cfb); and c hydro- dynamic exposure (sheltered vs exposed meadows) in 
Sweden (Gåsö being the sheltered loca- tion and Blobasholmen being the exposed one, Dfb). Boxplot 
bar is median; box is inter- quartile (IQR) range; whiskers are maximum and minimum values within 
the 1.5 × IQR of the hinge, and dots are outliers. Statistical significance (p value: *<0.05, **<0.01, 
***<0.01, ns not significant) is given in each panel for the t test or Wilcoxon rank sum test conducted 
in each case. 
























































































Fig. 4. Relative contribution of morphological leaf traits (thickness and width) and material property 
(bending modulus) to flexural rigidity for each sampling location in summer and for all locations 
together, based on the variance partitioning analysis. 
 
3.4. Correlation among leaf properties and climate conditions  
The first three components of the PCA analysis explained 87% of the variance. First principal 
component (PC1) had large associations with latitude and climate-related variables (air temperature 
and sunshine per day), location characteristics (tidal range and salinity), and some leaf traits (leaf 
width, fibre content, bending modulus, and flexural rigidity, Fig. 5). Thus, PC1 primarily measured 
latitudinal climate characteristics, clearly separating temperate with dry summers classes (Csa and 
Csb) from the temperate and cold classes with no dry summers (Cfb and Dfb, respectively; Fig. 5) 
and their association to flexural properties and fibre content. Secondarily, PC1 measured the strong 
correlation observed between leaf width and salinity. The second component (PC2) had large 
associations with thickness, nitrogen content, carbon content, and C:N ratio, so this component 
primarily measured leaf biochemical traits in association with thickness (Fig. 5). The third component 
(PC3) associated with leaf length and water depth, so this component mainly represents 
morphological acclimation to water depth. Based on the PCA results, leaf flexural rigidity positively 
associated with N content and negatively to C:N ratio and C content, while bending modulus 
negatively associated with fibre content (Fig. 5). 
 









Fig. 5. Biplot of the principal component (PC) analysis with the projection of the assessed variables in Zostera 
marina populations during summer (arrows, uppercase for abiotic variables and lowercase for leaf traits) and 
the sampled locations labelled by climate class (Csa: temperate, dry summer, hot summer; Csb: temperate, dry 
summer, warm summer; Cfb: temperate, no dry season, warm summer; Dfb: cold, no dry season, warm 
summer). PC labels show the percentage of explained variance. 
 
4. Discussion 
We found a climate effect on the eelgrass leaves’ flexural properties, which were ~ threefold more 
elastic and ~ tenfold more flexible in northern locations during summer season (Fig. 2). Climate 
effects on leaf mechanical properties have already been described for seagrasses. For instance, the 
leaf Young’s modulus of elasticity in tension of Zostera noltei decreased towards northern latitudes, 
i.e., become more elastic in tension, across Europe in summer (Soissons et al. 2017). The similar 
findings for the modulus of elasticity in tension (Soissons et al. 2017) and bending (this study) suggest 
that the climatic drivers acting on mechanical properties may be the same for both types of 
deformation and that becoming more elastic in colder regions may be a general pattern among 
seagrass species, or at least for the genus Zostera. Climatic patterns have also been reported for tensile 





















resisted higher forces than tropical species (de los Santos et al. 2016a). Overall, our findings and those 
already reported in the literature (Soissons et al. 2017; de los Santos et al. 2016a) suggest that 
mechanical traits of seagrass leaves vary with climate classes, with leaves being more resistant to be 
broken and more easily bent in colder climates. These two properties are, along with a high fibre 
content, desirable when high hydrodynamic forces act on the seagrasses, which generally increases 
with increasing latitude in Europe due to increased wind speeds and durations (Troen and Lundtang 
Petersen 1990). However, our data do not allow to identify whether the colder climate or the 
potentially increased hydrodynamic forcing at higher latitudes drive the observed increased 
flexibility. Given that other environmental variables such as nutrient content (La Nafie et al. 2012), 
light regime (La Nafie et al. 2013) and pH (de los Santos et al. 2017) can also affect the seagrass leaf 
mechanical properties, a more exhaustive assessment of environmental variables is needed to identify 
the drivers of the variability found in flexural rigidity among the climate classes sampled to further 
improve modelling of climate change scenarios. 
 
We observed that eelgrass leaves acclimated morphologically to local conditions, in terms of 
seasonality, water depth, and hydrodynamic exposure (Fig. 3). The morphological acclimation of 
eelgrass with water depth (e.g., Meling-López and Ibarra-Obando 1999; Krause-Jensen et al. 2000) 
or with seasonality (e.g., Nienhuis and de Bree 1980; Orth and Moore 1986; Laugier et al. 1999) is 
well studied, but it is less for hydrodynamic exposure (but see for other species, e.g., Peralta et al. 
2005). For instance, long leaves in deeper waters have been described as an acclimation mechanism 
to capture more light across the water column (e.g., Krause-Jensen et al. 2000), whereas short leaves 
in hydrodynamically energic environments have been described for other species as a response to 
avoid high drag forces (e.g., Peralta et al. 2005, 2006; Bouma et al. 2005). The pattern observed for 
summer and winter seasons, however, seems to be contradictory to many studies that showed long 
leaves during the summer (e.g., Nienhuis and de Bree 1980; Orth and Moore 1986; Laugier et al. 
1999). A plausible explanation is that the seasonality comparison was conducted in a region with very 
hot summers, where irradiance and temperature may be so high that they may eventually limit the 
eelgrass growth. 
 
In contrast to morphological acclimation, the responses of leaf mechanical traits of seagrasses to local 
environmental conditions are not yet well covered (but see Kopp 1999). We found that eelgrass 
presented more flexible leaves in exposed or shallower locations or during wintertime than those 
collected in sheltered or deeper locations or during summer season (Fig. 3). Having more flexible 







leaves in exposed, shallower locations or during winter can be interpreted as acclimation strategy to 
stronger or more frequent forces imposed by waves or currents on plants under those environmental 
conditions. Being flexible is one of the avoidance strategies in aquatic plants, because flexible leaves 
bend with the flow reducing the drag forces that they experience (Vogel 1984; Puijalon et al. 2008; 
Bouma et al. 2005). The mechanical acclimation of seagrass leaves has been previously described for 
C. nodosa in terms of tensile properties (de los Santos et al. 2013), showing that wave-exposed 
seagrass leaves presented tougher leaves than leaves of seagrasses from wave-protected locations. 
Differences in the bending modulus (material property) were only found in the seasonality 
comparison with leaves being more flexible (2.55 ± 0.25 N mm2) in winter than in summer (3.77 ± 
0.21 N mm2). This suggests that the observed differences in the flexural rigidity for the other two 
comparisons (i.e., hydrodynamic exposure and water depth) were caused by changes in leaf thickness 
and width (Fig. 3), which could be the results of acclimation to other important drivers such as light. 
Especially, with respect to hydrodynamic exposure (Fig. 3c), this agrees with findings by La Nafie et 
al. (2012) who did not observe a response of mechanical properties to wave action for Zostera noltei 
during an 8-week laboratory study. Across climate classes in summer, the contribution of the bending 
modulus (material property, 35%) and the leaf thickness (37%) were similar when investigating the 
overall variation in eelgrass flexural rigidity among locations (Fig. 4). This differs from properties 
associated with leaf breaking resistance for seagrass (de los Santos et al. 2013; de los Santos et al. 
2016a) and other aquatic plants (Etnier and Villani 2007), where the leaf dimensions (mainly width 
followed by thickness), and not the leaf strength (material property), determine the leaf breaking 
resistance when comparing many species. This discrepancy suggests that functional differences 
between mechanical properties associated with leaf breaking and bending exist. 
 
Flexural rigidity had a negative association with C:N ratio content, whereas bending modulus was 
negatively associated with fibre content. This is partially in accordance with previously reported 
correlations of mechanical and chemical leaf traits among seagrass species (de los Santos et al. 2012; 
de los Santos et al. 2016a) or within species (de los Santos et al. 2016b), where traits related to leaf 
breaking were correlated with C:N ratio and fibre content. While those studies showed that the more 
resistant the leaf to breakage, the higher the C:N ratio or the fibre content; here, we observed that the 
more resistant to be bent (i.e., the higher the flexural rigidity), the lower the C:N ratio, and that the 
more elastic the material in bending (i.e., the lower the bending modulus), the higher the fibre content 
(Fig. 5). These differences between bending and tensile properties in relation to the leaf fibre and C:N 
content suggest that a trade-off may exist between fibre and C:N ratio in relation to the mechanical 







properties related to bending and tensile deformations. In other words, eelgrass leaves with high 
contents of structural components (fibres and high C:N) may increase the breaking resistance 
(tolerance strategy), but may decrease its ability to bend (avoidance strategy—related to flexural 
rigidity), but still being elastic (related to bending modulus). This avoidance–tolerance trade‐off has 
been previously described for freshwater plants (Puijalon et al. 2011). In addition, not only quantity, 
but maybe also orientation of the cellulose microfibres within the leaf could be responsible for the 
variation in the bending properties of seagrasses as found for terrestrial plants (Burgert and Fratzl 
2009). The correlation between leaf flexural rigidity and nitrogen content could be attributable to the 
nitrogen allocated to the cell wall proteins in the fibre bundles.  
 
5. Conclusions 
We show that the flexural traits of Zostera marina leaves vary significantly along the climate classes 
of the Atlantic coasts in Europe, implying that temperature could be an important driver in the 
biomechanics of seagrass leaves. Eelgrass leaves also show acclimation to environmental local 
conditions in terms of seasonality, water depth, and hydrodynamic exposure. Overall, eelgrass leaves 
from cold regions presented more elastic and flexible leaves, which were also narrower and with 
higher fibre content than leaves from plants growing in warmer regions. Within eelgrass populations, 
the flexural rigidity of the leaves was overall controlled by their material property, the bending 
modulus, or the leaf thickness. Given the difference to the previous observations, these results suggest 
functional differences between mechanical properties associated with leaf breaking and bending. To 
fully understand associated ecological processes, it is thus necessary to consider both tensile and 
bending properties when assessing seagrass leaf biomechanics. 
 
Leaves of eelgrass collected in exposed or shallower locations or during winter season were more 
flexible than those collected in sheltered or deeper locations or during summer season, suggesting an 
avoidance strategy to hydrodynamic forcing, which is generally higher at exposed or shallower 
locations as well as during winter season. Overall, the high within- and among-location variation in 
eelgrass morpho-mechanical properties suggests a high acclimating capacity to environmental 
conditions. Although we did not find the climate driver explaining the variability exhibited in the 
elasticity and flexural rigidity of Zostera marina leaves along the Atlantic climatic regions in Europe, 
our findings indicate that this species has a high flexural plasticity and suggest a high acclimation 
capacity to some climate change effects such as sea level rise (causing a change in depth) and increase 
in storm frequency and intensity (causing changes in hydrodynamic forcing) (IPCC 2013). 
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